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Abstract
The function of the phospholipid flippase Atp8a1 in neurotransmission, brain development,
and autistic behavior
By
Daniel J. Kerr

Advisor: Professor Probal Banerjee
The plasma membrane consists of lipids and proteins. Among the integral membrane
proteins are P-type ATPases, widely expressed in both prokaryotes and eukaryotes, which use
ATP to translocate ions across a plasma membrane. Type IV enzymes are putative
aminophospholipid translocases (APLTs) and catalyze phosphatidylserine (PS) transfer into the
cytosolic leaflet of a lipid bilayer. Previously, our group showed pronounced PS externalization
in Atp8a1 (-/-) mice but not wild type (WT). Subsequent behavioral testing demonstrated that
these Atp8a1 (-/-) mice display significant deficiency in spatial learning (p = 0.0001), increased
hyperactivity, and decreased anxiety, all indicating aberrant hippocampus-dependent behavior.
The putative flippase ATP10C gene, located within chromosome 15q11-q13 has been identified
as an autism susceptibility locus and that the Atp8a1 gene is located in the middle of an autismassociated 4p12-15.3 inversion domain also containing a chromosome 4p GABAA receptor gene
cluster. Based on such information, I asked whether there is a link between Atp8a1 and autism.
Using Western blotting analysis of human brain homogenates (tissue specimens from brain
bank), I demonstrated a pronounced induction of Atp8a1 in the hippocampus of juvenile
autistic subjects compared to control. The difference was more evident when only the juvenile
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males were examined. This increase in the putative flippase was also observed in the temporal
lobe of autistic children. I saw no significant differences in the level of post-synaptic density 95
(PSD95), a well-known marker for synaptic connectivity, in neither the hippocampus nor
temporal lobe of autistic juvenile individuals. The role of Atp8a1 was further investigated by
using mouse models. Using electron microscopy (EM), Atp8a1 (-/-) mice were shown to have
fewer and weaker glutamatergic excitatory synapses in the CA1 hippocampus region compared
to wild type controls. Paired-pulse analysis of the Schaffer collateral pathway demonstrates
inhibition at 20-ms inter-stimulus interval of the Atp8a1 (-/-) mice but not controls. No
differences in social interaction were observed between the two groups. In separate
experiments the level of Atp8a1 was boosted by injecting a lenti virus-Atp8a1 construct into the
hippocampi of C57/BL6 mouse pups at the early developmental stage of postnatal day 6 (P6).
EM analysis revealed that the mice with elevated Atp8a1 had fewer and weaker glutamatergic
excitatory synapses in the hippocampal CA1 region compared to mice injected with the empty
construct. Although not significant, a trend toward inhibition of the Schaffer collateral pathway
at 20-ms inter-stimulus was observed in the mice receiving the Atp8a1 construct. Social
interaction tests indicated possible autistic-like behavior in the mice with increased Atp8a1 in
the hippocampus. These findings suggest that either enhanced or diminished levels of the
flippase Atp8a1 may be detrimental to brain connectivity. Furthermore, increased levels of
Atp8a1 in the mouse hippocampus may be associated with deficits in social behavior. It is
therefore possible that mice with enhanced hippocampus Atp8a1 may serve as a future model
in autism research.
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Prologue
Bent over the microtome, peering through the lens, judging whether or not the resin
embedded tissue sample is seamlessly aligned with the diamond knife, a smooth synchronic
movement is made. Exhilaration is felt when a thin shiny silver slice drifts in the water. The
passion is due to the realization that I am approaching the end of an arduous process with
many skills that have been difficult to acquire while simultaneously avoiding damage to the
precious knife. During the performance of these tasks I have been tempted to envy an autistic
person. Such an individual would be better equipped to focus on the finer details of the assays I
have completed. However, an autistic person may have trouble integrating the results of the
experiments conducted and extrapolate a greater understanding from them. Have I
accomplished this task? That is for the reader to decide.
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Chapter 1:
Introduction:
1.1 The Plasma Membrane
The plasma membrane is generally described as a fluid mosaic of lipids and integral
membrane proteins. Membrane lipids include cholesterol and phospholipids. Cholesterol, with
its lone hydroxyl group facing the aqueous phase, is entrenched within the membrane.
Phospholipids have a glycerol backbone to which phosphoric acid is esterified to the  carbon
and two long chain fatty acids are esterified to the remaining two carbons. Different hydroxyl
containing compounds are attached to the phosphate group by an ester bond (Devlin, 1992).
Among the integral membrane proteins are P-type ATPases. Widely expressed in both
prokaryotes and eukaryotes, these enzymes have conserved residues such as the DKTGTLT
motif and most contain 10 hydrophobic membrane-spanning helices. The ATPases use ATP in
order to transport cations or molecules like phospholipids across a membrane. During the
intermediate pumping cycle, an acid-stable phosphorylated aspartate residue is formed, hence
the reason these enzymes are called “P-type”. The first P-type ATPase to be discovered and
probably the most celebrated is the Na+/K+ pump which moves three sodium ions out of the cell
while bringing two potassium ions into the cell against their respective concentration gradients.
There are five major subfamilies of P-type ATPases each with a unique class of substrates and in
subfamily specific sequence motifs (Kuhlbrandt, 2004).
The distribution of phospholipids in the plasma membrane and secretory vesicles is not
symmetric. Membranes are a bevy of activity and each side is different with regards to
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characteristic and function. With vesicles endlessly being fused to and pinched from the
membrane, energy is needed to maintain asymmetry. While phosphatidylcholine (PC) and
sphingomyelin (SM) (cholinephospholipids) are more abundant on the outer leaflet,
phosphatidylserine (PS) and phosphatidylethanolamine (PE) (aminophospholipids) can be found
in greater amounts on the inner leaflet. Due to their polar head groups, passive movement
from one side of the membrane to the other is measured in hours or days (Buton, 2002).
Maintaining this asymmetry by movement against their respective concentration gradients is
thus achieved by P-type IV ATPases (P4) known as aminophospholipid translocases (APLTs) that
are found only in eukaryotes (Zwaal, 1997). These energy dependent enzymes require ATP and
Mg2+ in order to perform their function. P-type ATPases that catalyze the movement of cations
across a lipid bilayer require the presence of negatively charged amino acids within the
transmembrane segment; these amino acids are not present in the APLTs but are replaced by
bulky hydrophobic groups. The APLTs that translocate PS and PE from the outer to the inner
leaflet are also referred to as flippases. Floppases transport both phospholipids in a head group
independent manner from inner to outer leaflet at a rate ten-fold lower than that of the
flippases. Scramblases translocate the phospholipids in both directions and are not ATP
dependent. Calcium influx into the cytoplasm activates scramblases while inhibiting APLT
activity, thereby resulting in the loss of phospholipid asymmetry (Zwaal, 1997) .
Phosphatidylserine synthases (PSS), which are present in the endoplasmic reticulum
(ER), catalyze the synthesis of PS in mammalian cells by exchanging the head group of PC or PE
for serine. The degradation of PS occurs in the mitochondria where PS is decarboxylated to
form PE. Harboring positively charged choline and ethanolamine and a negatively charged
2

phosphate group, both PC and PE are zwitterions. Since the amino acid serine has no net
charge, the phosphate group makes PS anionic. This negative charge and distinctive structure
endows PS with the ability to bind to a number of cytosolic proteins. These include, Ras and
Rho family GTPases as well as synaptotagmin and some protein kinase C isoforms (Leventis,
2010).
Interest in the distribution of PS can be attributed to the fact that during apoptosis cells
express higher amounts of PS on the outer leaflet. The externalized PS is believed to serve as an
“eat me” signal for phagocytic removal of these cells by macrophages. Preceding PS
externalization, the cell undergoing programmed death must issue a “find me” signal. It has
been reported that in mouse brain the release of nucleotides ATP and UTP recruit microglial
cells to engulf damaged neurons (Ravichandran, 2007). Therefore, PS externalization alone is
not sufficient for phagocytosis.
Although apoptosis often leads to PS externalization, transient PS externalization
without apoptosis has been observed in mouse eggs following fertilization (Curia C. A., 2013).
Caenorhabditis elegans homologs of APLT are known as transbilayer amphipath transporters
(TAT). Knocking down the expression of the tat-1 gene through RNA interference (RNAi)
resulted in the loss of function of the protein. In order to visualize the loss of asymmetry under
a microscope it is first necessary to fluorescence-label the cells with an agent that selectively
binds to the externalized PS molecules. Annexin V is a PS-binding protein. When fluoresce in
isothiocyanate (FITC)-linked annexin V is added to the cells, it labels to PS in the presence of
calcium. After TAT knockdown, externalization of PS was observed when annexin V with a
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fluorescent tag was added to the C. elegans cells. Subsequently these cells were devoured by
macrophages (Darland-Ransom, 2008). In the yeast, Saccharomyces cerevisiae, one member of
this P-type ATPase subgroup is encoded by the DRS2 gene. In an early experiment, deletion of
this gene affected neither the distribution of fluorescence-labeled PS nor uptake by
macrophages, suggesting that DRS2 is not the only APLT in this organism’s plasma membrane
(Siegmund, 1998). It was later discovered that while this particular ATPase was found to be
associated with the Golgi apparatus, removing it can affect plasma membrane asymmetry
(Pomorski, 2003). Thus far, five members of the P4 subfamily have been identified in the yeast,
Saccharomyces cerevisiae, which can be subdivided into either the Drs2 or Dnf family (Drs2p,
Dnf1p, Dnf3p, and Neo 1p). Deleting all five P4 genes is lethal to the organism but the yeast will
survive if only one gene from this family is deleted. Drs2 and Dnf3p are found in endosomes
and the Trans Golgi Network (TGN) while Dnf1p and Dnf2p are in the plasma membrane
(Pomorski, 2003).
Formally called ATPase II, Atp8a1 is an APLT, which has a molecular mass of
approximately 116 kDa. This protein has been isolated and purified from bovine chromaffin
cells (Moriyama, 1988), clathrin-coated vesicles (Xie, 1989), and the plasma membrane of
erythrocytes (Morrot, 1989). Four isoforms of Atp8a1, different in structure and phospholipid
selectivity, have been isolated from bovine brain (Ding, 2000). Sharing 67% amino acid
sequence with Atp8a1, a homologous P4, Atp8a2, was discovered in the disc membranes of rod
and cone photoreceptors (Coleman, 2009).
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1.2 Autism and connectivity
Autism is alarmingly becoming a more prevalent developmental disorder. The Centers
for Disease Control and Prevention (CDC) report that one in sixty-eight children in the United
States are diagnosed with the condition (Baio, 2014). The disorder is characterized by
behavioral abnormalities that include abnormal social interactions, communication deficits, and
repetitive and stereotyped behaviors (APA, 2000). A number of psychological concepts have
arisen endeavoring to explain the ethereal nature of autism. One such example is the theory of
mind. As humans we are conscious of our own thoughts and emotions. The understanding of
ourselves provides us with the facility to understand the mind of others. The theory of mind
suggests that individuals with autism are less capable of perceiving another’s thoughts and
feelings (Baron-Cohen, 1989).
Throughout biology there exists a conspicuous link between structure and function.
Therefore abnormal structure can often sire abnormal function. Some structural abnormalities
have been associated with autism. The corpus callosum, a bundle of nerve fibers that bridge
left and right hemispheres of the cortex, is 7% smaller in individuals with autism (Keary et al.,
2009). Also, the cortical structure of autistic patients appears to be different. Neurons,
throughout the brain are organized in a particular pattern. The most elemental unit of this
patchwork of cells is the minicolumn. Compared to controls, the mini-columns observed in
autistic brains are narrow and more numerous (M. F. Casanova, 2007). Cognitive inflexibility
and social deficits have been linked to abnormalities in the prefrontal cortex (Fineberg N. A.,
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2010). If aberrant brain connectivity is a clinical feature of autism, it may be useful to measure
indicators of synaptic connectivity when studying this disorder.
A well-known marker of synaptic connectivity is post-synaptic density 95 (PSD95). This
protein is found on the post-synaptic density of excitatory (glutamatergic) synapses and is a
member of the membrane associated guanylate kinase family (MAGUK). PSD95 plays an
important role on synaptic plasticity in the hippocampus and cortex. It has been found to
control AMPA receptor incorporation during long-term potentiation (I. Ehrlich & Malinow,
2004). Knocking down PSD95 in slice cultures with RNAi, decreases synaptic strength and
prevents developmental changes in spine density and morphology (I. Ehrlich, Klein, M., Rumpel,
S., and Malinow, R., 2007). Overexpressing PSD95 in hippocampus cell cultures enhanced postsynaptic clustering and activity of glutamate receptors while increasing the size and number of
dendritic spines. Maturation of the pre-synaptic terminals was also enhanced (El-Husseini,
Schnell, Chetkovich, Nicoll, & Bredt, 2000). Recently, members of this lab have studied the role
of the serotonin 1A receptor (5HT1A-R) by using PSD95 as a marker for synaptogenesis.(Mogha,
2012).
Atp8a1 is a P4 ATPase and more specifically an APLT or flippase. Previously, our group
showed pronounced PS externalization in Atp8a1(-/-) mice but not wild type (WT) (Levano,
2012). Subsequent behavioral testing demonstrated that these Atp8a1(-/-) mice display
significant deficiency in spatial learning (p = 0.0001) (Fig. 1), increased hyperactivity, and
decreased anxiety, all indicating aberrant hippocampus-dependent behavior (Levano, 2012).
Additionally, the putative flippase ATP10C gene, located within chromosome 15q11-q13 has
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been identified as an autism susceptibility locus (Nurmi, 2003) and, furthermore, the Atp8a1
gene is located in the middle of an autism-associated 4p12-15.3 inversion domain also
containing a chromosome 4p GABAA receptor gene cluster (Vincent, 2006). In view of such
information, I asked whether there is a link between Atp8a1 and autism. My results, presented
below, propose such a connection.
The role of Atp8a1 was explored by examining differences in synaptic connectivity using
electron microscopy between WT mice and Atp8a1 (-/-) mice as well as between control mice
and mice overexpressing the Atp8a1 protein. Transmission electron microscopy allows the PSD
to be easily identifiable at glutamatergic synapses. Perforated synapses, which are defined as
the presence of a discontinuity in the PSD, are an indicator of increased synaptic activity and
will generate a larger current than non-perforated synapses (Nicholson, 2009). Connectivity
was also measured by using electrophysiology assays. Paired-pulse facilitation or inhibition in
the Schaffer collateral pathway of mouse hippocampus was examined. Differences in social
behavior in each genetic paradigm were also tested.

7

Figure 1. Atp8a1 (-/-) display hippocampus related learning deficits as judge by Morris water
maze, p < 0.0001 (Levano, 2012).
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Chapter 2:
Methods
2.1 Animals
Mice were housed in the College of Staten Island (CSI) Animal Care Facility and handled
following a protocol approved by the CSI Institutional Animal Care Committee. C57BL6 wild
type mice were obtained from Taconic while C57BL6 Atp8a1 (+/-) mice were purchased from
Jackson Laboratories. These heterozygous mice were paired and the offspring were genotyped
to identify Atp8a1 (-/-) mice. In order to prevent genetic drift, the Atp8a1 (-/-) were paired with
fresh C57/Bl6 wild type mice to again produce Atp8a1 (-/-) mice which were subsequently bred
and genotyped to generate Atp8a1 (-/-) mice.
2.2 Genotyping of Atp8a1 (-/-) mice
Mice were anesthetized with 90mg/kg mouse Ketamine (Hospira) and 10mg/kg mouse
Xylazine (Sigma). A 4 mm section was then cut from the tip of the tail. The tissue was placed in
a 1.5 ml Eppendorf tube containing 500 μl lysis buffer (20 mM Tris-HCL, 5 mM EDTA, 400 mM
NaCl, 1% SDS) to which 20 mg/ml Proteinase K (Invitrogen) was added to achieve a final
concentration of 400 μg/ml. The tails were incubated overnight at 50 °C. The following day 500
μl of phenol: chloroform: isoamyl alcohol (25:24:1) was added to each sample and mixed for 30
minutes at room temperature. The samples were placed in a centrifuge for 5 minutes at 13,000
RCF. The upper aqueous layer was removed and placed in a fresh tube. The DNA was
precipitated by adding an equal volume of 100% isopropanol then centrifuged for 15 minutes at
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13,000 RCF at 4 °C. After washing with 70% ethanol two times, pellets were resuspended with 1
mM Tris HCL/ 0.1 mM EDTA.
Genotyping was performed by polymerase chain reaction (PCR) using the following
primers: 6313 (TGTTCACAGATCAAAAGACCCTATC); 6314 (GGGCCAGCTCATTCCTCCCACTCAT);
6315 (GCTGTCAATGATGCGCTTCCTCCTC) (Fig 2.) The reaction volume was 20 μl containing 500
ng of genomic DNA, 2 mM MgSO4, 0.2 mM dNTP’s, 0.2 μM primers, and 2.0 units of Platinum
Taq DNA polymerase (Invitrogen). PCR conditions were 95° 1 min, [ (94 °0.5 min, 60° 0.5 min, 68
° 1 min) 35 cycles] 68° 2 min. The PCR products (437-bp Atp8a1 knockout product and the 253–
bp wild type Atp8a1 product) were visualized with the aid of a 1 Kb DNA ladder (Invitrogen) by
0.8 % agarose gel electrophoresis with ethidium bromide staining (Fig. 3).
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Chromosome 5

a.

b

c.
d. Forward primer: bp # 37425100… 5’ TGTTCACAGATCAAAAGACCCTATC
Reverse primer:

3’

5’ GCTGTCAATGATGCGCTTCCTCCTC

Mutant primer:

3’

5’ GGGCCAGCTCATTCCTCCCACTCAT

3’
bp # 37425353

Figure 2. Scheme of PCR amplification. a. Mouse chromosome 5 harboring Atp8a1 gene. b
Image of the neomycin cassette c. Diagram of foward and reverse endogenouse primers d.
endogenous primers with corresponding bp numbers of genomic DNA.( Images taken from
Jackson Lab website( jaxmice.jax.org) with links to MGI and Deltagen Inc.)
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PCR of Mice from Atp8a1 (+/-) X Atp8a1 (+/-)

Figure 3. A 1% agarose gel of mouse genomic DNA. Mouse numbers 734 and 735 are Atp8a1
(-/-) Wild type mice are labeled +/+ and +/- are heterozygous. Known controls assured the
PCR was successful.
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2.3 Viral Construct
To create a GFP- Atp8a1 fusion protein, the Lenti- viral vector, pLVX-acGFP-1-N1, was
first obtained from Clontech (Fig. 4).

Figure 4. Construct of pLVX-AcGFP1-N1. Close up of multiple cloning site (MCS) is below it and
shows where Xho I and Apa I allowed ligation of Atp8a1 containing designed primers.

PCR was used to amplify the Atp8a1 gene. The primers were designed and so that upon ligation
the restriction sites for Xho I was at the 5’ position and Apa I was in the 3’ position. Effort was
made to ensure that the final product was in frame and without the stop codon. The forward

13

primer was (CTC GAG ACC TGC CG A CCA TGC GGA GGA C) and the reverse primer was (GGG
CCC CCC ACT CAT CGG GCC TCT GTT). The PCR were conditions 94° 3 min, [ (94 °0.5 min, 66°
0.5 min, 68 ° 0.5 min) 35 cycles] 68 ° 7 min. The PCR product was initially ligated to PGEM t
vector using T 4 DNA ligase (Promega) at 4 °C overnight. The next day the ligated product was
transformed into top 10 competent cells. The ligated vector was first added to the competent
cells on ice for 20 minutes, then heat shock for 1 minute at 42 °C. After a one minute return to
ice, 1 ml of antibiotic free LB medium was added and allowed to shake for 2 hours at 37 °C. This
was spread on an LB plate with 0.1 mg/ml ampicillin, x-gal and IPTG. White colonies were
chosen and grown in 0.1mg/ml ampicillin liquid LB at 37 °C. Plasmid DNA was extracted from
the growth medium the next day then digested with Xho I and Apa I. Digested plasmid DNA was
run on ethidium bromide stained 1% agarose gel. The ~3.5 kb Atp8a1 insert was cut out (the 3.0
kb vector was observed but not cut out) then purified with QIAquick gel extraction kit. This
DNA was ligated to the lenti viral vector pLVX-AcGFP-1-N1. Lenti viral vector with Atpa1 insert
was then transformed into top 10 competent cells. Plasmid DNA was extracted from colonies as
before. In order to check which colonies contained both the 3.5kb insert and 8.8 kb pLVXAcGFP-1-N1 vector, DNA from 8 colonies was digested with Apa I and half the digest was run on
ethidium bromide stained 1% agarose gel. Two colonies looked promising since the molecular
weight for both was about 12 Kb. The other half of these two digests were then cut with Xho I
and run on an agarose gel (Fig. 5).
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Figure 5. Agarose gel of plasmid DNA. In lanes 2 and 4 the DNA was cut with both Xho I and
Apa I. The lower band in these lanes contains the ~3.5 kb Atp8a1 insert while the upper band
is the 8.8 kb pLVX-GFP1-N1 vector. Lanes 3 and 5 contain uncut DNA.
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Both of these plasmid DNA samples contained the 3.5 Kb Atp8a1 insert and the 8.8 Kb vector.
One of these clones was transfected into HEK 293Ft cells along with helper plasmids, psPAX2
(CMV-Gag-Pol) and PMD2.G (VSVG) (both from Addgene) (Fig 6. a, b). The pLVX-AcGFP-1-N1
vector without the Atp8a1 insert was also transfected into 293ft cells for control virus.
Specifically, two solutions were first made. Solution 1 contained 18.4 μg of the pLVX-AcGFP1-N1
either with the Atp8a1 insert or without for control, 12.6 μg CMV-Gag-Pol, 6.13 μg of VSVG, 0.1
M final concentration of NaCl and the volume was brought to 1 ml with DMEM without serum.
Solution 2 contained 404 μl of 1μg/μl polyethyleneimine (PEI) (pH 4.5), 0.1M NaCl and filled to
1 ml with no serum DMEM. The two solutions were mixed by vortexing and allowed to incubate
at room temperature for 30 minutes. Previously, HEK 293 Ft cells had been plated and allowed
to grow in DMEM with 10 % fetal bovine serum (FBS), 1 v/v penicillin/streptomycin and 50
μg/ml gentamicin. Just prior to transfection, the medium was removed from the 293 ft cells
and replaced with fresh medium without serum. After the 30 minute incubation had elapsed,
the combined solutions were added to the cells drop by drop. The plate was gently swirled and
placed in the 37 °C incubator for 3 hours. At that point the medium was removed and fresh
DMEM without serum but with antibiotics was added to the plate.
When green fluorescence was observed 48 hours later, it was time to collect the virus.
To accomplish this task supernatant was removed from the cells and passed through a 0.45μm
PVDF filter into 1.5 ml eppendorf tubes. The 0.45 μm filter allowed the virus to pass but not
most other material present in the supernatant. After adding 0.5% Polybrene, a positively
charged polymer that helps bring down the virus, the tubes were spun a 13,000rpm for one
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hour at 4 °C. All but 50μl of the supernatant was removed through aspiration. The virus was
resuspended in PBS and frozen at 80 °C.
To check efficacy of transfection, hippocampus derived neuronal cells (HN2) were grown
in DMEM with 10% FBS, 1% P/S and 50 μg/ml gentimycin. In a 96 well plate, 2000 cells/ well
were grown. Visual examination of fluorescence and flow cytometry indicated that 100% virus
titer was found to be best.
At the age of P6 mice were anesthetized with solution of ketamine /xylazine (as above).
Stereotaxic injections, using a 10 μl Hamilton Syringe, of virus were performed on both
hemispheres (0.25μl/side) at a rate of 0.5 μl/min. The coordinates corresponding to Bregma
were: anteroposterior = -1.8 mm, mediolateral = -1.5 mm, dorsoventral = -1.8 mm (Fig. 7).
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a.)
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b.)

Figure 6. Helper plasmids. a) GaG-Pol and b.) VSVG Both are from Addgene.
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Figure 7. Schematic images of pLenti viral constructs into mouse hippocampus. Although
above image depicts one side injected, for this assay both sides were injected.

2.31 Live Imager
To determine if the GFP containing constructs had actually reached the desired
destination some of the mice were sacrificed four days after having been injected. A mouse of
the same age that had not received any injections was also sacrificed. The brains were removed
and 350μm coronal slices were made in a manner similar to the method described below for
electrophysiology. For this purpose the tissue was not oxygenated. The slices were placed in a
24 well tissue culture plate in ACSF and viewed under a Zeiss Axio Observer live cell imager.
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Images were taken with bright field and FITC (excitation wavelength = 488 nm) using Axio-vision
software.

2.4 Electrophysiology
Male C57bl/6 wild type (N= 4) mice and C57/Bl6 Atp8a1 (-/-) (N = 3) between the ages of
p17 – p26 were used to ascertain paired-pulse facilitation. For all the injected mice, the age was
p17. (Mice injected with Atp8a1 virus N = 2; mice injected with control virus N=2). Artificial
cerebral spinal fluid (ACSF) 5 mM KCL, 1.4 mM NaH2PO4, 2mM MgSO4, 3.3 mM NaHCO3, 1 mM
glucose, 2 mM CaCl2 was prepared. Following cervical dislocation and decapitation, brains were
quickly removed and placed briefly in cold ACSF containing 0.25 M Sucrose. The cerebellum was
removed and the brain was glued, dorsal side down, to the buffer tray of Leica VT1200
microtome with vibrating blade. After waiting a few seconds for the glue to dry, the buffer tray
was filled with the cold sucrose containing ACSF. A continuous flow of oxygen (95% O2, 5% CO2)
was provided to the buffer and the tray was kept cold by adding ice to the ice bath. The speed
of the vibrating blade was set at 0.5 mm/s. Horizontal slices of 350 μm were made and then
placed in an oxygenated ACSF solution containing 126 mM NaCl at room temperature. The
slices were allowed to incubate for at least an hour before recordings were made.
Slices were placed on a mesh containing continuously oxygenated ACSF. A stimulating
electrode was placed in white matter superior to the CA3 pyramidal cell layer (Schaffer
collateral) and a recording electrode was placed in the dendritic layer of the CA1 region of the
hippocampus. To create a field excitatory post synaptic potential (fEPSP), a stimulus of 0.1ms
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duration was made by stimulus isolator A365, World Precision Instruments (WPI) and amplified
by DAM 50 (WPI). Noise was reduced by using Quest Scientific Humbug. Stimulation and
recordings were made using WIN LTP M series software program. The stimulus isolator was set
to 10 mA. Stimulation began at approximately 30% of 10mA and gradually increased until there
was no increase seen in the strength of the response. Recordings were made at ~70% of the
maximal response. The responses, fEPSP, were recorded in millivolts (mV). An initial stimulus
was made followed by a second stimulus at various time intervals. The time intervals between
the first and second stimulus were 5, 10, 20, 40, 80 and 120 milliseconds. A recording was made
at a short interval, than after 30 to 60 seconds had elapsed another recording was made at a
longer interval. Each set of intervals was referred to as a series. After one series of recordings
were made a few minutes were allowed to pass before the next series. One to four series were
made per slice. The data was automatically recorded on an excel sheet in which the time
difference had been noted. The paired pulse ratio was defined as the fEPSP evoked from the
second stimulation divided by the fEPSP evoked from the first. All the ratios were multiplied by
100 to change to a percentage. All of the series at each interstimulus interval at each slice was
averaged and considered a data point. The results were plotted on an excel sheet. As well as
the paired-pulse ratios, the average amplitude of the first response at each interstimulus
interval was noted.
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2.5 Transmission Electron Microscopy (TEM)
The mice used for TEM were the same mice previously used for the behavioral assays
described below. All the mice were male. The age of the wild type versus Atp8a1 (-/-) were
about six months old while the injected mice were approximately four months. Mice were
perfused in 2% Paraformaldehyde/ 2% Glutaraldehyde (Electron Microscopy Sciences, EMS) in
PBS after which the brain was placed in 2% Paraformaldehyde/ 2% Glutaraldehyde in PBS at 4
°C overnight. The hippocampus was removed and put in 4% glutaraldehyde. Sections of 0.5 mm
thickness were made, and then separated into the dentate gyrus, CA3 and CA1. Each piece was
put back in 4% glutaraldehyde at 4 °C. The tissue was washed 7 times in PBS then placed in 1%
OsO4 (EMS) in 0.1 M PBS for 60 minutes on ice while shaking. After OsO4 treatment the tissue
was washed 4 times, 10 minutes each, in (0.1 M) sodium acetate buffer pH 5 then put in 0.25%
uranyl acetate in sodium acetate buffer pH 5 at 4 °C overnight. After washing 4 times, 10
minutes each, in sodium acetate buffer pH 5 the tissue was dehydrated in 20% ethanol then
50% ethanol 20 minutes each followed by 70% ethanol overnight. The next day dehydration
continued in 85% ethanol 20 minutes followed by 2 times in 100% ethanol. After washing three
times in propylene oxide, 20 minutes each the tissue then placed tissue in 50% propylene
oxide/ 50% Spurr at room temperature overnight. The next day the 50/50 solution was replaced
with 100% Spurr (EMS).
After 24 hours the tissue was put in a labeled mold, fresh Spurr was added and
polymerized at 70 °C overnight. Sections of 70 nm were made on a Leica UCT Ultramicrotome
using a Micro Star diamond knife (on loan from Dr. Wen). As the sections were drifting in the
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water, they were flattened with xylene fumes then scooped up on a 200 mesh copper grid
(EMS). The sections were treated with saturated uranyl acetate in 50% ethanol for 2 minutes
followed by Reynold’s lead citrate for 90 seconds. After each treatment the grids were washed
with 0.22 Millipore filtered dH2O.
The grids were viewed under a Hitachi 7500 Transmission Electron Microscope at 80 kV.
Images were taken at 100,000 times magnification using AMT digital imaging equipment. At this
magnification the area of the image was calculated to be 2.5 μm2. Excitatory synapses were
identified by both the presence of vesicles in the presynaptic bouton and the presence of an
asymmetric post-synaptic density. Asymmetry was defined as a thicker dark band observed on
the post-synaptic spine. The number of excitatory synapses was counted per 2.5 μm2 as well as
synapses with multiple active zones. A synapse with two multiple active zones was defined as
one synapse separated into two active zones by one perforation. A synapse with three multiple
active zones was defined as one synapse separated into three active zones by two perforations,
and so on. The length of the synapse was measured using the Photoshop ruler. Also using
Photoshop on the presynaptic side, the farthest distance the vesicles were from the synapse
were measured at three points and averaged.
The Immunogold image was obtained in a similar manner as above with some
modifications. Perfusion was performed in 1% Paraformaldehyde/ 1% Glutaraldehyde. The
tissue was in London Resin White and 100 nm sections were made. On nickel grids the sections
were blocked then incubated with rabbit anti-Atp8a1 Ab-B (1:100) overnight at 4 °C. The
following day the sections were incubated for 2 hours at room temperature with anti-rabbit
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antibody (1:100) (Ted Pella) conjugated to 10 nm size gold particles. As above the sections were
poststained with uranyl acetate and lead citrate and viewed under Hitachi 7500 and viewed
with AMT.

2.6 Behavior
The three chambered social apparatus was obtained from Kathryn Chadman. It
measured 635 mm by 415 mm (Fig. 8). The procedure portrayed follows the paper published by
the Crawley lab (Yang, 2011). The apparatus was placed in the center of the room. White paper
surrounded three sides of the chamber. The front was left uncovered to allow for filming. Two
lamps containing 60 W bulbs were placed on either side of the apparatus. The illumination was
checked with a lux meter. Six points in each of the three chambers were tested and ranged
from 14-22 lux. It should be noted that illumination was only checked when testing the injected
mice. The illumination was not checked when comparing Atp8a1 (-/-) to wild type controls.
These experiments were performed under the fluorescent lamps. The illumination was
between 300 – 400 lux. Two cameras were set up to record the activity; one above and the
other in front of the cage.
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Figure 8. Side view of three chambered social apparatus test with test mouse in center
chamber and a target mouse in right chamber under cage.

Before each day’s session the apparatus was wiped with 70% ethanol and then with
water. Two target mice, of the same strain (C57/Bl6), same sex (male) and approximately the
same age as the test mice, were habituated prior to testing. Each mouse was gently placed in
one corner of the side chamber, one on the left chamber the other on the right chamber, and
covered with a wire cage. In order to weigh it down as well as to prevent the test mice from
climbing, a 250 ml flask filled with water was placed on top of the wire cage. The target mice
were left inside the wire cage for 15 minutes. After 15 minutes the mouse in the left chamber
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was placed in the wire cage in the right chamber and vice versa. During the time in the wire
cage the mice were observed for any aberrant or potentially disruptive behaviors. These
behaviors included bar-biting, excessive self grooming, circling and clinging to the side bars with
all four paws. Any mouse observed to display excessive amounts of these disruptive behaviors
were excluded from the study.
The mice used for three chambered social test were observed both before and following
the tests for any aberrant or disruptive behaviors. Prior to the behavioral assay the mice chosen
to be tested that day were removed from the mouse room, in their home cage, and placed in a
dark room adjacent to the behavior room and left there for at least one hour. The mice tested
were all males. The age of the wild type and the Atp8a1 (-/-) mice was approximately four
months while the injected mice were just over two months old.
The test was in four phases. For the first phase the mouse to be tested was gently
picked up in a cup, carried to the behavior room and placed in the center chamber. The mouse
was allowed to habituate to the center chamber for ten minutes. This phase was not recorded.
After ten minutes the second phase of the experiment began when the doors to the side
chambers were simultaneously opened thus allowing the mouse to habituate to all three
chambers. Prior to opening the doors the camera was turned on and a card identifying the
mouse was flashed before the lens. When ten minutes were up the camera was turned off and
the observer waited for the test mouse to enter the center chamber before closing the doors to
the side chambers. No attempt to coax the mouse into the center was made.
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While the test mouse was in the center, a target mouse was picked up using a wire cage,
placed in the far corner (relative to the camera and observer) of one of the side chambers. The
wire cage covered the animal and a 250 ml flask filled with water was placed on top of the wire
cage. In the other side chamber an empty wire cage was placed in the corner also with a 250 ml
flask filled with water on top. The third phase of the experiment began when the doors to the
side chambers were simultaneously opened with the camera already turned on. The third
phase ended after ten minutes and as before the observer waited until the mouse moved into
the center chamber. Once the test mouse was in the center chamber a second target mouse
was placed in the opposite side chamber under a wire cage. The purpose of the fourth phase
was to test for social novelty versus familiarity and began when the doors to the side chambers
were opened and the camera was turned on. This phase also ended after ten minutes. It should
be noted that the person conducting the test was always the same male. This
acknowledgement is being presented in light of recent data suggesting that mice were shown
to be less anxious when tested by human females compared to human males (Sorge, 2014).
The video of the third and fourth phases were analyzed using Anymaze. While analyzing
the third phase, the experimenter pressed one key (M) when the test mouse was exploring the
cage containing the target mouse. Another key (O) was pressed when the mouse was observed
exploring the empty cage. The total time either key was pressed was recorded for each test
mouse. Similarly, for social novelty a different key was pressed depending on whether the novel
or familiar mouse was being explored.
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2.7 Immunohistochemistry
Mice were anesthetized with ketamine/ xylazine and perfused with PBS followed by 4%
para-formaldehyde in PBS. The brain was removed and placed in 4% Para-formaldehyde
(Sigma) and kept at 4 °C. The brain was placed in 30% sucrose in PBS. Coronal brain sections of
30 μm thickness were made on cryo-sectioning device (Vibratome, Ultra-Pro 5000) and placed
in PBS.
Brain slices were treated with 50% formamide (Sigma) in SSC at 65 °C for 2 hours and
then blocked with 10% normal goat serum (Sigma)in 0.25% triton X-100 in TBS. Primary
antibodies used were: mouse anti-Neun (Millipore) MAB 377 (1:500); rabbit anti-Atp8a1
(1:500); and Hoechst. Secondary antibodies included goat anti-mouse Alexa-Fluor 488 and goat
anti-rabbit Alexa-Fluor-633 (Santa-Cruz). Images were recorded under a Leica SP2 AOBS
confocal microscope. These images were all acquired at 1024 X 1024 resolution.

2.8 Western Blotting
Human hippocampus brain homogenate was obtained from Dr. Abha Chauhan. The
brain samples were from autistic subjects and age matched controls. Homogenate was
sonicated in a 0.1 M PBS buffer containing complete protease inhibitor (Roche, Mannheim,
Germany ), 0.1 % SDS, 1% NP-40, 0.25% sodium deoxycholate, 1 mM sodium vanadate, 5 mM
sodium fluoride, 50 mM sodium pyrophosphate, 3 mM PMSF and 3 mM EDTA. To estimate the
protein concentration each sample was loaded by pipette on to a 98 well tissue culture plate in
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triplicate. Also loaded on to the same plate were progressive amounts (1 – 5 μg) of bovine
serum albumin (BSA) (Sigma) with a known concentration of 1mg/ml. The BSA was used as a
standard and each amount was also in triplicate. Water was added to three cells to serve as a
blank. Subsequently, solutions from Dc protein assay (Bio-Rad) were added to each well. After
10 minute incubation the plate was placed in a plate reader and read with the aid of
SoftmaxPro software version 2.6, Molecular Devices. A standard curve was created, on Excel,
from the known amounts of BSA and the absorbencies they produced. The concentration of
each brain homogenate was then calculated based on the equation derived from the curve.
One hundred twenty micrograms of each sample was loaded onto a 10% SDS PAGE gel.
Pre-stained SDS-PAGE standards (Bio-Rad) were also loaded onto the gel.

Brain

homogenate from autistic subjects was loaded on the left side of the gel starting with the
youngest individual and increasing in age as the loading proceeded right. The control samples
were loaded on the right side of the gel in the same manner and the two groups were
separated in the middle by the pre-stained markers (Bio-Rad). Following completion of the gel,
the separated proteins were transferred to a nitrocellulose membrane through electrophoresis
at a constant current of 200 mA for approximately 1.5 hours. After blocking in 1 % non-fat dry
milk, Tris-buffered saline (TBS) pH 7.4, 0.5 % Tween-20 the membrane was cut in half just above
the 51 kda marker. The top half was probed with rabbit anti Atp8a1 antibody (Ab-B) (Ding,
2000) (1:5000) overnight at 4°C in the blocking buffer. The next day after washing in TBS, goat
anti-rabbit IgG-HRP secondary antibody (1:20000) (Santa- Cruz) was added to the membrane
for 1.5 hours. The bottom half was probed with mouse β- actin antibody (Sigma) (1:10,000)
followed by goat anti-mouse IgG-HRP secondary antibody (Santa-Cruz) (1:20000) in the same
30

manner as the top. Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific) was
added to both parts of the membrane and the immunoreactive bands were visualized with
Alpha Innotech Fluorochem FC2 version 1307 using Alpha View software. With the aid of the
protein markers from Bio-Rad, bands at 116 kda were determined to be Atp8a1 while β-actin
was observed at 42 kda. Spot-Denso analysis was used to measure the intensities of each band
observed which was recorded on an excel sheet. So as to compensate for any loading error, the
intensity of the each Atp8a1 band was normalized to the intensity of the β-actin band from the
same sample.

2.9 Statistics
All data obtained was placed into excel. Using this program the mean of any group was
calculated along with standard error of the mean (SEM). The exact composition of any group,
such as N value, is described in the results section for each experiment. Whether the difference
between groups was significant was determined using the student’s T test and annotated using
a p value.
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Chapter 3:
Results
3.1 Western Blotting
Spot Denso analysis was performed on the western hybridization of human
hippocampus tissue. After normalizing the Mean Peak Intensity (MPI) of the PSD95 bands to βactin, it appears that there is over 2.5 times more PSD95 in the hippocampus of juvenile autistic
subjects (2.5) (N= 6) compared to age matched controls (0.92) (N= 6)(Fig. 9). However this
difference is not significant (p=0.31). No significant difference was observed when only looking
at male data (p = 0.43) although the autistic MPI of 3.00 (N= 4) was three times higher than the
control reading (N = 4) (Fig 10).
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Figure 9. There is 2.5 times more PSD95 in the hippocampus of juvenile autistic subjects
compared to age matched controls but this difference is not significant (p=0.31).
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Figure 10. Despite that there is 3 times more PSD95 in the male juvenile autistic
hippocampus, this data is not significant. p = 0.43.

The level of PSD95 was virtually identical with samples taken from autistic adult hippocampus
(0.58) (N =2) compared to controls (0.60) (N =2) but the sample size was small (Fig 11).
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Figure 11. The level of PSD95 in the autistic vs. control adult hippocampus is virtually
identical.
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Temporal Lobe PSD95: Juvenile
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Figure 12. The MPI suggests that the autistic temporal lobe contains less than half the
amount of PSD95 (12.69) as the controls (28.52) but due to a great deal of variance the
difference is insignificant. p = 0.29.
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When performing the same analysis on tissue taken from the temporal lobe, the data seemed
to indicate that there was less than half the amount of PSD95 from the juvenile autistic samples
(12.69) (N = 5) compared to aged matched controls (28.52) (N=4) (Fig. 12). Like the
hippocampus data, this too was not significant (p =0.29). For this assay all the samples were
from male brains.
Atp8a1 was significantly elevated (3-fold) in the hippocampus of juvenile autistic brains
(N=6) compared to age match controls (N=6) (p = 0.04) (Fig. 13). Observing the mean peak
intensity of the Atp8a1 bands normalized to the β-actin, the autistic samples show a reading of
4.7 compared to 1.4 for the controls. The significance of the same data is stronger if one were
to look only at the male samples (N=4 for both groups) (p = 0.01) (Fig. 14).
For the adults, the level of Atp8a1 was much greater in the control samples (10.21)
(N=2) compared to the autistic (1.80) (N=2) but this difference was not significant (p = 0.32) due
to the small sample size (Fig. 15).
Atp8a1 was also elevated almost two-fold in the temporal cortex of juvenile autistic
brains (9.23) (N=8) compared to age matched controls (5.52) (N=8) (p = 0.03) (Fig. 16).
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Figure 13. Atp8a1 was significantly elevated (3-fold) in the hippocampus of juvenile autistic
brains (4.7) compared to age match controls (1.4) (p = 0.04)
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Figure 14. The significance of increased Atp8a1 in autistic hippocampus is stronger, p = 0.01,
when only males are looked at.
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Hippocampal Atp8a1:Adult
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Figure 15. Decreased Atp8a1 seen in the autistic adult hippocampus but not significantly so.
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Figure 16. Atp8a1 was also elevated almost two-fold in the temporal cortex of juvenile
autistic brains (9.23) compared to age matched controls (5.52) (p = 0.03)
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3.2 Immunohistochemistry
Immunohistochemistry and confocal microscopy indicate Atp8a1 is expressed in both
the Dentate Gyrus (DG) and the CA3 regions of mouse hippocampus (Fig. 17).

Atp8a1 expression appears stronger in Dentate gyrus than in CA3 of
mouse hippocampus

Atp8a1 = red;
green and blue
removed

Dentate gyrus

Dentate gyrus

CA3

CA3

Figure 17. Atp8a1 is expressed ubiquitously in the mouse hippocampus. Left images show
only Atp8a1 expression (red). Right images include Atp8a1 along with NeuN for neuronal cells
(green) and Hoechst (blue).
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Atp8a1 is expressed in both neuronal and non
neuronal cells
63 x

63 x

Atp8a1 = red
NeuN = green
Hoechst = blue
63 x

Green and blue
removed
63 x

Figure 18. Higher magnification of the DG shows that Atp8a1 is expressed in neuronal as well
as non-neuronal. Atp8a1 (red), NeuN for neuronal cells (green) and Hoechst (blue).
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This protein seems to be expressed by both neuronal as well as non-neuronal cells of the DG
(Fig. 18a). Absence of staining observed in the secondary antibody control confirmed the
specificity of the Atp8a1 antibody (Fig.18b).
Zooming in further shows punctate expression of Atp8a1 (Fig.19a), which is not seen in images
that lack the primary antibody (Fig.19b).

Punctate expression of atp8a1 indicates presence in
intracellular organelles as well as plasma membrane

Primary Antibody Control

Figure 19. Atp8a1 is seen on the cell membrane and within the cell.
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Immuno-electron microscopy (EM) images show Atp8a1 is expressed in synaptic vesicles as well
as the plasma membrane (Fig. 20), as it might have been predicted (Takamori et al., 2006)
indicating a possible role in synaptic firing and connectivity.

Immuno-EM: Atp8a1 at the membrane and vesicles

Figure 20. Black dots are 10 nm gold particles linked to secondary antibody which has bound
to Atp8a1 antibody.

3.4 Live Imager
The purpose of collecting live imaging data was to ascertain whether or not I was
successful in injecting my constructs into the brains of mice. Observing one sees that there is
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GFP fluorescence in the hippocampus of mice that were injected with the Atp8a1-GFP
constructs as well as the empty GFP construct (Fig. 21). The image to the right of the GFP image
is from the exact same tissue but in bright field. The images from non-injected mice show no
fluorescence.
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Fluorescent (520 nm)

Bright field
Non-injected

Atp8a1-GFP virus-Injected

Empty GFP virus-Injected

Figure 21. Live imager shows GFP labeled cells in the CA1 region of the hippocampus of mice
injected with pLVX-ACGFP1-N1 construct containing Atp8a1 insert as well as control
construct. Non-injected mouse does not show GFP cells.
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3.5 Electrophysiology
Wild Type vs. Atp8a1 (-/-)
Previous studies have examined differences in brain connectivity in autism relative to
the normally developing brain (Keary et al., 2009) (M. Casanova et al., 2009) (Fineberg N. A.,
2010). To explore whether or not Atp8a1 has a role in brain connectivity, two methods were
used to measure connectivity in a mouse brain model in which the amount of Atp8a1 had
either been reduced or elevated. One method employed in this study involved
electrophysiology; specifically, paired-pulse stimulation of the Schaffer collateral pathway of
the mouse hippocampus. Here, working with live tissue, an electrical stimulus is given to cells in
the CA3 region of the mouse hippocampus. At various time intervals a second stimulus is given
at the same location. Another electrode records the field EPSP n the dendritic region of the
CA1. The amplitude of the second response is divided by the amplitude of the first in order to
obtain a paired-pulse ratio. If the paired-pulse ratio is less than 100%, the second response is
weaker than the first response. This is because the strength of the second response has been
inhibited by the first response. If the second response is stronger than the first response the
ratio will be over 100%. The presence of the first response has facilitated the strength of
second. The average paired pulse ratios for the C57/Bl6 wild type controls at each interstimulus
interval were: 76.02 at 10ms, SEM = 3.83; 100.49 at 20ms, SEM = 6.00; 96.85 at 40ms, SEM =
5.77; 101.41 at 80ms, SEM = 3.21; and 93.21 at 120ms, SEM = 6.27. The corresponding paired
pulse ratios for Atp8a1 (-/-) mice were 69.54 at 10ms, SEM = 6.49; 80.01 at 20ms, SEM = 5.42;
95.26 at 40ms, SEM = 4.18; 98.94 at 80ms, SEM = 4.01; and 101.15 at 120ms, SEM = 3.32. At
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each interval the p values comparing the wild type to the knock out were 10ms p = 0.42, 20ms
p = 0.02, 40ms p= 0.83, 80ms p = 0.65, and at 120ms p = 0.29 (Table 1) (Fig. 22). There were no
significant differences at 10, 40, 80 and 120 ms interstimulus intervals. Inhibition was recorded
at 10 ms interval with both groups. There was neither inhibition nor facilitation seen with both
groups at 40, 80 and 120 ms. At 20ms the strength of the second response was equal to the
strength of the first with the wild type mice ( 100.5 %) whereas the strength of the second
response was 80% of the first in the knock-out mice indicating significant inhibition ( p = 0.02).
As was stated in the introduction, recordings were made from slices at each
interstimulus interval. The mean from every slice at each interval was obtained and considered
a data point. Data were obtained from four wild type and three Atp8a1 (-/-) mice. Between two
and four slices were harvested from each mouse so that for every interval there was a total of
ten data points (N= 10) from the wild type and ten (N=10) from the Atp8a1 (-/-).

WT
KO
P Value

10 ms
76.02
69.54
0.42

20 ms
100.49
80.01
0.02

40 ms
96.85
95.26
0.83

80 ms
101.41
98.94
0.65

120 ms
93.21
101.15
0.29

Table 1. Mean fEPSP ratios, expressed as percent, for different interstimulus intervals
comparing C57/Bl6 wild type (WT) and Atp8a1 (-/-) (KO).
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Figure 22. Paired pulse assays show inhibition of fEPSP ratio of Atp8a1 (-/-) compared to noninhibited WT at *20 ms interstimulus difference, p = 0.02.
If there is in fact inhibition at the 20ms interval, it would be insightful to ascertain what
kind of inhibition it is. A useful tool is to extract information that is already present in the data.
In paired pulse assays the strength of the second response to the second stimulation is affected
by the presence of the first stimulation and the time difference between them. However, the
first response logically cannot be affected by the second stimulation. So the strength all the first
responses of the wild type were compared to the strength of the first responses of the knock
out. The average of the amplitude of all of the first responses from the wild type was 0.028 mV
(N = 50) while the mean amplitude from the Atp8a1 (-/-) was 0.026mV (N=50) and the
difference is not significant, p = 0.70. The figure depicts the mean of the amplitude of the
responses in absolute values (Fig. 23).
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First Response, mV

0.035

Amplitude of First Response
Wild Type vs. Atp8a1 (-/-)

p = 0.70

0.03

0.025

0.02

Wild Type

Atp8a1(-/-)

Figure 23. The mean amplitude of all the wild type first responses was 0.028 mV while the
mean amplitude from the Atp8a1 (-/-) was 0.026 mV. The difference is not significant, p =
0.70. The figure depicts the mean amplitude of the response in absolute
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Mice Injected with Atp8a1 Virus vs. Mice Injected with Control Virus
The average paired pulse ratios for the mice injected with the control virus at each
interstimulus interval were: 68.23 at 10 ms, SEM = 11.87; 119.00 at 20 ms, SEM = 15.51; 109.72
at 40 ms, SEM = 13.78; 102.92 at 80 ms, SEM = 9.34; and 106.69 at 120 ms, SEM = 5.29. In
analyzing the mice injected with the viruses there were no significant differences seen at any of
the interstimulus intervals. The corresponding paired pulse ratios for mice injected with Atp8a1
virus were 73.46 at 10 ms, SEM = 4.56; 87.27 at 20 ms, SEM = 3.05; 90.07 at 40 ms, SEM = 4.27;
90.76 at 80 ms, SEM = 3.81; and 96.41 at 120 ms, SEM = 1.65. Unlike the above
electrophysiology data there was approximately 9% facilitation at 20 ms interval and 15%
facilitation at 40 ms interval with the mice injected with the control virus (Table 2) (Fig. 24).
Although not significant, the differences in the paired-pulse ratio recorded from mice injected
with the control virus (109%) versus the ratio from the Atp8a1 virus (90%) indicated a possible
trend at the interstimulus difference of 20ms (p = 0.11).

Control
Atp8a1
P Value

10 ms
68.23
73.46
0.70

20 ms
119.00
87.28
0.11

40 ms
109.72
90.08
0.23

80 ms
102.92
90.76
0.28

120 ms
106.69
96.41
0.13

Table 2. Mean fEPSP ratios, expressed as percent, for different interstimulus intervals
comparing mice injected with virus containing Atp8a1 and mice injected with control virus.

As with the wild type versus knockout, recordings were made from slices at each
interstimulus interval. The mean from every slice at each interval was obtained and considered
a data point. Data were obtained from two control injected and two injected with the Atp8a1
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virus. Between two and three slices were harvested from each mouse so that for every interval
there was a total of five data points (N=5) from the control and five (N=5) from the Atp8a1
injected mice.

Paireed Pulse Ratio (Percent)

160

Control Injected Vs. Atp8a1 Injected
*

140
120
100
80

A= 1st response
Control

60

Atp8a1

B= 2nd response
A

B

A

B

40
20

0.02 mv
5 ms

0
0

20

40

60

80

100

120

Interstimulus Interval (ms)
Figure 24. Paired pulse assays show a trend toward inhibition of fEPSP ratio of Atp8a1
injected compared to control injected at *20 ms interstimulus difference, p = 0.11.
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Mean First Response, mV

0.04

0.03

Amplitude of First Response
(Injected Mice)

p = 0.004

0.02

0.01

0

Control

Atp8a1

Figure 25. The average amplitude of all of the control first responses was 0.027 mV while the
mean amplitude from the Atp8a1 construct injected was 0.019 mV, p = 0.004. The figure
depicts the mean of the amplitude in absolute values.

As with the wild type versus the knock out assays, strength all the first responses of the
control injected were compared to the strength of the first responses of the mice injected with
Atp8a1 construct. The average of the amplitude of all of the first responses from the control
(n=25) was 0.027mV (which is almost identical to the wild type first spike data) while the mean
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amplitude from the Atp8a1 construct injected (N=25) was 0.019 mV, p = 0.004. Here also, the
figure depicts the mean of the amplitude of the responses in absolute values (Fig. 25).

3.6 TEM
Wild Type vs. Atp8a1 (-/-)
The other method employed to measure connectivity in a mouse brain model was transmission
electron microscopy (TEM). TEM images show that there are fewer excitatory synapses
observed in the CA1 region of the Atp8a1 (-/-) hippocampus when compared to images of the
CA1 hippocampus region in wild type controls (Fig. 26). There were 219 images (N=219) from
two C57/BL6 wild type mice collected (Fig 27). These were compared with 155 images (N=155)
collected from two Atp8a1 (-/-) mice (Fig. 28). Each image represented an area of 2.5 μm2 of
the hippocampus. Within that unit area there was a mean of 1.86 excitatory synapses (SEM =
0.07) in the wild type mice and 1.59 excitatory synapses (SEM = 0.13) from the Atp8a1 (-/-)
mice (p = 0.004) (Fig. 26). Along with excitatory synapses, the number of multiple active zones
per unit area was quantified. For example if one image had a synapse with two active zones,
that counted as one multiple active zone. If another image had a synapse with three active
zones and another synapse with two active zones that was counted as two multiple active
zones. The images indicated that there were fewer excitatory synapses containing multiple
active zones in the Atp8a1 (-/-) mice than the C57 wild type. Per unit area there was a mean of
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0.21 multiple active zones with the wild type (SEM = 0.03) while a mean of 0.10 multiple active
zones (SEM = 0.01) was observed with the knock out (p = 4.1 * 10-5) (Fig. 29).

Excitatory Synapse Wild Type vs. Atp8a1 (-/-)

Average number of excitatory synapse
per 2.5 μm2

2.5

2

p = 0.004

1.5

1

0.5

0

Wild Type

Atp8a1 (-/-)

Figure 26. TEM images show that there are fewer excitatory synapses observed in the CA1
region of the Atp8a1 (-/-) hippocampus when compared to images of the CA1 hippocampus
region in wild type controls, p = 0.004.
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Figure 27. Representative image of C57/Bl6 wild type mouse showing excitatory synapse with
3 active zones.
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Figure 28. Representative image of Atp8a1 (-/-) mouse showing excitatory synapse with 2
active zones.
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Average number of multiple active zones
per 2.5 μm2

Multiple Active Zones Wild Type vs. Atp8a1 (-/-)

0.3
0.25

p = 0.001

0.2
0.15

0.1
0.05
0

Wild Type

Atp8a1 (-/-)

Figure 29. TEM images indicated that there were fewer excitatory synapses containing
multiple active zones in the Atp8a1 (-/-) mice than the C57 wild type, p = 0.001.

When comparing within the wild type mice no significant differences were observed
with the number of excitatory synapses (p = 0.26) and multiple active zones (p = 0.32). Also, no
significance, but a possible trend, was seen among the Atp8a1 (-/-) in the number of excitatory
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synapses (p = 0.11). No significance was observed within the knock out regarding multiple
active zones (p = 0.81).
Some electron microscope images were randomly chosen for further review C57/BL6
wild type control (N = 14), Atp8a1 (-/-) (N = 48). There were no significant differences in the
lengths of the synapses p = 0.23. The mean synapse length was 304 nm in the control and 347
nm in the Atp8a1 (-/-). For the control the three distances from the synapse in nanometers
were 264, 313, and 263 with an average of 280. The Atp8a1 knock-out vesicle distances were
significantly different from the control; 363 nm (p = 0.02), 427 nm (p = 0.02), and 374 (p =
0.008) with an average of 388 (p = 0.003) (Figure 30).
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p=0.003

Figure 30. Top, there was no significant difference in synapse length between WT and Atp8a1
(-/-). Bottom, the mean vesicle differences was greater for the KO compared to WT.
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Mice Injected with Atp8a1 Virus vs. Mice Injected with Control Virus:
As in comparing wild type with knock-out mice, differences were seen between wild
type mice that had been injected with the GFP tagged pLenti viral virus (Control) and those
injected with the GFP tagged plenti viral construct containing the gene for Atp8a1. Here also
the CA1 region of the mouse hippocampus was probed. There were 142 images (N= 142) from
two C57/BL6 wild type mice injected with the control pLVX-GFP construct (Fig. 32) and 185
(N=185) images collected from two mice injected with Atp8a1 containing pLVX-GFP (Fig. 33).
Like the previous EM data, each image represented an area of 2.5 μm2 of the hippocampus.
Within that unit area there was a mean of 1.64 excitatory synapses (SD= 0.81) in the control
injected mice and 1.34 excitatory synapses (SD= 0.60) from the mice injected with construct
containing Atp8a1, thereby indicating that overexpressing the flippase led to fewer excitatory
synapses (p = 0.0002) (Fig. 31).
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Number of Excitatory Synapses
per 2.5 μm2

Excitatory Synapse Injected Mice

2

p = 0.001
1.5

1

0.5

0

Control

Atp8a1

Figure 31. There was a mean of 1.64 excitatory synapses (SD= 0.81) in the control injected
mice and 1.34 excitatory synapses (SD= 0.60) from the Atp8a1injected mice (p = 0.001).

The same images indicated that there were fewer excitatory synapses containing multiple
active zones in the mice injected with the Atp8a1 virus than the control. Per unit area there was
a mean of 0.23 multiple active zones with the control injected (SD = 0.44); this is similar to the
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mean of 0.21 multiple active zones in the wild type reported above; while a mean of 0.14
multiple active zones (SD = 0.35) was observed with the mice injected with Atp8a1 virus (p =
0.04) (Fig. 34). When looking at the control injected mice no significant differences were
observed with the number of excitatory synapses (p = 0.48) and multiple active zones (p =
0.16). Also, no significance was seen within the mice injected with virus containing Atp8a1 in
the number of excitatory synapses (p = 0.94) and multiple active zones (p =0.56).
Some electron microscope images were randomly chosen for further review (Control
injected N = 38, Atp8a1 construct injected N = 113). There were no significant differences in the
length of the synapses p = 0.17. The mean synapse length in the control injected was 262 nm
and 257 nm in the Atp8a1 injected. There were also no significant differences in vesicle
distance. For the control injected the three distances in nanometers were 277, 278, and 286
with an average of 282. For the Atp8a1 injected the three distances in nanometers were 269,
292, and 273 with an average of 278 (p values are 0.90, 0.63, 0.97 with 0.82 for the average). It
should be noted that there were no significant differences within the control injected group for
synapse length and vesicle distances. However there were significant differences concerning
vesicle distances between the Atp8a1 injected as well as images acquired from each Atp8a1
injected mouse compared to the controls. One set of images had significantly greater vesicle
distances compared to controls (317 nm, p = 0.02; 366 nm, p = 0.002; 334 nm, p = 0.01; and an
average of 339 nm, p = 0.002). The other set of images had significantly smaller vesicle
distances compared to controls (231 nm, p = 0.03; 231 nm, p = 0.005; 224nm, p = 0.003; and an
average of 229 nm, p = 0.003). (Fig. 35)
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Figure 32. Representative image of control mouse showing excitatory synapse
with 2 active zones.
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Figure 33. Representative image of mouse injected with Atp8a1 construct showing excitatory
synapse with 1 active zone.
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Multiple Active Zones, Injected Mice

Multiple Active Zones
per 2.5 μm2

0.3
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Figure 34. Per unit area there was a mean of 0.23 multiple active zones with the control
injected (SD = 0.44); while a mean of 0.14 multiple active zones (SD = 0.35) was observed with
the Atp8a1 injected mice (p = 0.04).
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Figure 35. There were no significant differences between the control and the Atp8a1 mice
with regards to synapse length and vesicle distances.
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3.7 Behavior
Wild Type vs. Atp8a1 (-/-)
Mice that have had the Atp8a1 gene knocked out do not show any deficits in social
interaction behavior. During the ten minute (600 second) trial period the Atp9a1 (-/-) mice
(N=6) spent much more time examining the cage that contained the stranger mouse; an
average of 175.4 seconds; compared to 91.5 seconds with the empty cage (p < 0.001). The
results for wild type mice (N=6) are similar with an average of 195.7 seconds checking out the
stranger mouse and 91.1 seconds with the empty cage (p < 0.005) (Fig.36) (Table 3).

Mouse
Object

Social Interaction
Wild Type Atp8a1(-/-)
196
175
91
91

Table 3. Social interaction, wild type vs. Atp8a1 (-/-)
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p=0.005

p=0.001

Figure 36. The Atp8a1 (-/-) mice spent a mean of 175.4 seconds with the stranger mouse and
91.5 seconds with the empty cage (p = 0.001). The wild type mice spent 195.7 seconds with
the stranger mouse and 91.1 seconds with the empty cage (p = 0.005).

The wild type and knock-out mice showed a clear preference for the stranger mouse
compared to the empty cage. After the social behavior phase, the social novelty phase tests to
see if the mouse will prefer a new or novel mouse placed where the empty cage had been
compared to the familiar mouse that had already been there. During this ten minute trial
period the wild type mice spent insignificantly more time examining the cage that contained
the novel mouse; an average of 96.4 seconds; compared to 79.4seconds with the familiar
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mouse ( p = 0.51). The knock- out mice also spent more time with the novel mouse, 86.6
seconds compared to the familiar mouse,65.5 seconds but this too was not significant (p = 0.17)
(Fig. 37).

120 Social Novelty; Wild type vs. Atp8a1 (-/-)

Time spent with
Novel vs. Familiar Mouse(s)

p=0.51

p=0.17

100
80
60

Novel
Familiar

40
20
0

Wild Type

Atp8a1 (-/-)

Figure 37. During the social novelty test, the wild type mice spent a mean of 96.4 seconds
with the novel mouse and 79.4 seconds with the familiar (p=0.51). Atp8a1 (-/-) mice spent
86.6 seconds with the novel mouse and 65.5 seconds with the familiar (p=0.17).
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Social Novelty, WT vs. Atp8a1 (-/-)
Novel
Familiar
Wild Type
96.35
79.40
Atp8a1 (-/-) 86.63
65.48

Table 4. Social novelty, WT vs. Atp8a1 (-/-).

Mice Injected with Atp8a1 Virus vs. Mice Injected with Control Virus
The mice which had been injected with the pLVX-GFP (N= 7) construct spent a
significantly longer period of time (p < 0.02) exploring the target mouse (mean =209 seconds,
SEM =18.5) than they did exploring the empty cage (mean = 141 seconds, SEM = 16). The mice
which had been injected with the pLVX-GFP construct containing the Atp8a1 insert (N= 7) did
not spend a significantly longer period of time (p = 0.14) with the target mouse (mean = 158
seconds, SEM = 13.8) than with the object (126 seconds, SEM = 14) (Fig. 38). It is also
noteworthy that the time the control injected mice spent with the target mouse was
significantly longer than the time the Atp8a1 construct injected mice spent with the target
mouse (p = 0.05). The time the two groups spent with the exploring the object was very similar
(p = 0.50).

Social interaction, Injected Mice
Control
Atp8a1
Mouse
209
158
Object
141
126
P Value
0.02
0.15

Table 5. Social interaction: Mice injected with control virus vs. mice injected with virus
containing Atp8a1 insert.
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Social Interaction Test:
Control vs. Atp8a1 Injected

p =0.15

p < 0.05
Time Spent with Stanger Mouse
vs. Time Spent with Object, (s)

250
200
150
Mouse

Object

100
50
0

Control

Atp8a1

Figure 38. The mice injected with the control virus spent 209 seconds with the target mouse
and 141 seconds with the empty cage (p = 0.02) The mice injected the Atp8a1virus spent 158
seconds with the mouse and 126 seconds with the object (p = 0.14).

Unlike the social interaction phase, the control injected mice showed no preference for
the novel mouse over the familiar mouse. The time spent exploring the novel mouse (mean =
111 seconds) was close to the time spent with the familiar mouse (mean = 104.6 seconds, p =
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0.80). This is not surprising since previous studies have shown that the C57/Bl6 mouse strain
does not show a preference for the novel mouse even though a preference for the mouse over
the object is displayed (Pearsona, 2010). What is worthy of note is that the mice that had been
injected with the Atp8a1 construct spent more time with the novel mice (mean = 113.8
seconds) than the familiar (mean = 69.9 seconds). While this difference is not significant (p =
0.08), it is a trend (Fig. 39). These mice were also C57/Bl6.

Social Novelty, Injected
Control
Novel
111.01
Familiar
113.81

Atp8a1
104.57
69.89

Table 6. Social novelty: Mice injected with control virus vs. mice injected with virus containing
Atp8a1 insert.
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Social Novelty;
Control vs. Atp8a1 Injected
140.00

p =0.80

p = 0.08

Time spent with
Novel vs. Familiar Mouse (s)

120.00
100.00
80.00
Novel

60.00

Familiar

40.00
20.00
0.00

Control

Atp8a1

Figure 39. The mice injected with the control virus spent 111 seconds with the novel mouse
and 113.8 seconds with the familiar, (p = 0.80). Mice injected with the Atp8a1 virus spent
104.6 seconds with the novel mouse and 69.9 seconds with the familiar (p=0.08).
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Chapter 4:
4.1 Discussion
It has been suggested that the phenotypes observed in individuals diagnosed with
autism arise as a result of aberrant brain connectivity (Belmonte, 2004). Neurons “talk” to each
other at a synapse by sending neurotransmitters from the pre-synaptic neuron to the postsynaptic neuron (Zucker, 2002). Could this communication be affected by proteins within the
lipid bi-layer? One quarter of the membrane volume of synaptic vesicles is comprised of
transmembrane proteins (Takamori et al., 2006). The information I presented in the
introduction imparts some rationale as to why I opted to explore a particular membrane
protein, Atp8a1. The Atp8a1 gene is located in the middle of an autism-associated 4p12-15.3
inversion domain also containing a chromosome 4p GABAA receptor gene cluster (Vincent,
2006). Also, our lab had recently discovered that mice lacking the Atp8a1 gene display learning
deficiencies, a phenotype often associated with autism (O'Brien, 2004). However, the same
mice were less anxious while autistic individuals typically display increased anxiety (Kim, 2000).
My Western blot analysis elucidates that there are elevated levels of this protein in the
hippocampi of juveniles diagnosed as autistic. Therefore in an attempt to create a model that
would mimic these findings, the level of Atp8a1 was increased in the brains of mice at a time
when postnatal neuronal proliferation is at its peak, P6 (Morgane, 2002). This stage
approximately corresponds to that of a three month old human infant. The mission was
accomplished by using a lenti viral construct containing the sequence coding for Atp8a1
injected into the mouse hippocampus. Images show that the GFP fluorescence of the Atp8a1-
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GFP fusion protein was present in the CA1 region. When these mice were placed in the threechambered social apparatus test, the group that had been injected with the Atp8a1 virus
appeared to display autistic-like behavior. This inference is made because these mice do not
display a significant preference for the stranger mouse as opposed to the empty cage, as one
would expect. On the other hand, the control group injected with lenti viral-GFP alone showed
a clear and statistically significant preference for the stranger mouse. Could the possible autistic
behavior be due to insufficient connections?
The neurotransmitter glutamate is released from the pre-synaptic terminal and arrives
on the post-synaptic terminal. These excitatory glutamatergic terminals are easily identifiable
under an electron microscope by the presence of an asymmetric post-synaptic density (PSD).
The

two

predominant

glutamate

receptors

are

α-amino-3-hydroxy-5methyl-4-

isoxazolepropionate (AMPA) and the voltage dependent N-methyl-D-aspartate (NMDA)
receptors. An increase in the number of AMPA receptors is one means by which the strength of
the synapse is increased (Kennedy, 2000). The PSD will be identifiable under EM as either a
continuous dark band of electron dense material or bands that will have at least one
discontinuity or perforation. Immuno-gold electron microscopy reported in an earlier study has
indicated that while all perforated synapses have AMPA receptors (determined by the number
of immune-gold particles) only 64% of continuous PSD were positive for AMPAR. The number of
both AMPA and NMDA receptors has been shown to be significantly higher in the perforated
than the non-perforated synapses (Ganeshina, 2004). Using electron microscopy, I found
significantly fewer excitatory synapses as well as significantly less perforated synapses in the
brains of mice that were injected with the Atp8a1 construct than the control mice. Since
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perforated synapses contain more AMPA and NMDA receptors one can infer that the synaptic
strength is weakened by an increase in the level of Atp8a1. Our Western blot data indicating
higher Atp8a1 amounts in the autistic brains could suggest two possibilities: (i) more of the
flippase may result in the autistic phenotype or (ii) another event led to autism and the
elevated Atp8a1 concurrently. The results from the mouse brain injections point to the first
hypothesis: Higher Atp8a1 is associated with weaker synaptic connections and autistic-like
behavior. Previous research employing different methodology supports the idea that weaker
synaptic connections are apparent in autism. Golgi staining revealed dendritic branching to be
less in the CA1 and CA4 regions of the hippocampi from two autistic children when compared
to age matched controls (Raymond, 1996).
One would expect that less Atp8a1 would produce opposite effects. This turned out to
be true at least with the behavioral phenotype. A test of social behavior using a threechambered social apparatus demonstrated that neither the knockout, nor wild-type controls
appeared to have autistic-like behaviors. However as judged by TEM images, the Atp8a1 (-/-)
mice were also shown to have fewer and weaker synaptic connections compared to the wild
type controls. The weaker synaptic connections seen in the Atp8a1 (-/-) mice may support the
previous behavioral data accumulated in this lab. That is, weaker synaptic connections in the
CA1 can be related to deficits in hippocampus dependent spatial learning and memory as
demonstrated by the Morris water maze.
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The observation that in the Atp8a1 (-/-) mice there is a greater distance from the
furthest vesicles to the PSD may suggest that the vesicles containing neurotransmitter are being
released at a slower rate than in the wild type animals and thereby causing a buildup of
vesicles. It has been reported that soluble N-ethylmaleimide-sensitive factor (NSF) attachment
protein receptors (SNAREs) induce phospholipids to flip (Langer, 2011). Prior to that study, it
was reported that NSF disassembles SNARE complexes and in its absence a buildup of synaptic
vesicles was observed in the presynaptic terminals of Drosophila retinal neurons (Littleton,
2001). It is likely that in mammals the absence of flippases, such as Atp8a1, may similarly lead
to vesicle buildup and facilitate weaker connectivity. The vesicle buildup was not observed in
neurons that had increased level of Atp8a1.
The behavioral anomaly in the Atp8a1-over-expressing mice could result mainly from
the abundance of this membrane bound protein while the morphological aberrations observed
using transmission electron microscopy experiments (TEM) could be a consequence of either an
abundance or depletion of Atp8a1.
Parallel to TEM, electrophysiology studies were also performed in an attempt to confirm
the role of Atp8a1 in synaptic connectivity. Specifically, differences in paired-pulse facilitation
were measured. Facilitation, which is presynaptic in origin, results from both an increase in the
amount of neurotransmitter released and the probability that neurotransmitter will be
released. Probability of release is higher if the vesicles containing the neurotransmitter (known
as readily releasable vesicles) are in the vicinity of the active zone (Zucker, 2002). When an
action potential reaches the presynaptic bouton, the depolarized membrane causes voltage

79

gated calcium channels to open, allowing the influx of Ca2+, thus resulting in neurotransmitter
release. The vesicles return to the presynaptic site by fast or slow endocytosis.
In the wild type mice the mean fEPSP ratio was equal at an interstimulus interval of 20
ms while the Atp8a1 (-/-) fEPSP ratio was 80% of the wild type at the same interval. At later
intervals the paired-pulse ratios of the two groups were indistinguishable. What could be the
reason for this phenomenon? It could not be due to a slow return of neurotransmitters to the
presynaptic site. The glutamate transport cycle was found to take 60-80 milliseconds (Danbolt,
2001). Could gamma-aminobutyric acid (GABA) receptors play a role in the increased inhibition
seen here? If one were to consider humans this argument may be plausible given the close
proximity between the Atp8a1 gene and the GABAA receptor gene cluster (Vincent, 2006). The
inhibitory GABAergic interneurons at play here could cause either feedback or feedforward
inhibition. The fact that there was no difference in the first spike amplitude would point to
feedback inhibition. After a CA1 pyramidal neuron has been stimulated, it may synapse onto
other excitatory neurons while simultaneously synapsing on GABAergic neurons. These neurons
can subsequently synapse back onto the CA1 cell resulting in a reduced response following the
second stimulation at interstimulus intervals of 10 – 20 ms. The inhibition seen at 20 ms could
be the result of increased GABA activation. One would have to ponder as to how deleting the
Atp8a1 gene would facilitate enhanced GAGAergic inhibition. The observed inhibition of the
Schaffer Collateral pathway at the stimulus interval of 20 ms was consistent with the fewer and
weaker excitatory synapses revealed by TEM. Those weaker connections may have been caused
by the depletion of the flippase, Atp8a1.
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Continuing with electrophysiology, we observed a difference between the mice injected
with the control construct and the mice injected with the construct containing the Atp8a1
insert. This difference was also detected at an interstimulus interval of 20 ms. The fEPSP ratio of
the control-injected showed a second response that was 19% stronger than the first, whereas
the Atp8a1 injected mice had an 87% fEPSP ratio at 20 ms. However, this difference only
showed a trend (p = 0.11). Unlike the wild type versus knockout data, the mice injected with
the Atp8a1 construct had a significantly weaker first spike amplitude mean possibly indicating
stronger GABAergic feedfoward inhibition. The weaker first response amplitude implies that
there is stronger feedfoward GABAergic inhibition in the mice with elevated hippocampal
Atp8a1. Is it plausible that increasing the amount of Atp8a1 in the hippocampus during
development facilitates stronger GABAergic interneuron connections? It has been revealed that
Atp8a1 is necessary in neuronal migration. Perhaps increasing the level of the flippase
preferentially favors GABA migration over the migration of excitatory neurons. Since the fEPSPs
are weaker to begin with, the trend toward inhibition observed at an interstimulus interval of
20 ms could also be the result of fewer and weaker excitatory synapses as demonstrated by the
TEM images.
The TEM data showed that the Atp8a1 (-/-) mice and the mice injected with the Atp8a1
construct both have fewer excitatory synapses when compared to their respective controls. If
fewer excitatory synapses are part of an autistic model one would have expected to observe a
decrease in the amount of PSD95 in the brains of autistic individuals compared to controls.
There was no significant difference of PSD95 observed between autistic and control juvenile
human brains in either the hippocampus or the temporal lobe. Perhaps more importantly, is
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that mice with too much or too little Atp8a1 have weaker synaptic connections as judged by the
difference in the number of synapses with multiple active zones.
There are a myriad of behavioral abnormalities that fall within the spectrum of autistic
disorders and undoubtedly numerous insults to the developing brain can claim responsibility.
Autism is highly heritable as was demonstrated by a longitudinal study which included all
Swedish births from 1982 to 2006 (over 2 million children). This study concluded that
heritability of autism and autistic spectrum disorders was approximately fifty percent (Sandin,
2014). Linkage studies have identified genes associated with ASD. Some of these genes code for
proteins that are heavily involved in synapses (NRXN1, NLGN3, NLGN4, SHANK3, and CHTNAP2)
while others code for proteins that have a role in cell migration such as RELN (Kumar, 2009). It
has been demonstrated that Atp8a1 is important in cell migration. In order for the flippase to
exit the endoplasmic reticulum (ER), it must form a complex with another protein, CDC50A.
Ablating either of these proteins deleteriously affects cell migration (Kato U & Kobayashi T,
2012).
My results may imply that too little or too much Atp8a1 affects synaptic strength while
too much but not too little may be associated with autistic behavior. Analogous associations
have been linked to genetic disorders that fall within the spectrum. Individuals with Rett
syndrome experience an X-linked loss of function with MECP2. This gene codes for methyl–CpG
binding protein that binds to DNA and regulate transcription. With this disorder there is a
reduction in synaptic density (Johnston, 2003). Alternatively, in fragile X syndrome there is an
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increased in spine density. This syndrome is caused by a mutation in the FMR1 gene causing the
mRNA binding fragile X mental retardation protein, FMRP, not to be transcribed (He, 2013).
The study presented here sought to unveil a possible relationship between Atp8a1 and
autism. There could, however, be a link between this protein and another cognitive disorder,
schizophrenia. Previously, this lab has demonstrated that mice lacking the gene for Atp8a1
display hyperactive behavior compared to wild type (Levano, 2012). Individuals with
schizophrenia can be hyperactive and hyperactivity is one phenotype used in mouse models
studying schizophrenia (Powell, 2006). On the other hand the Atp8a1 (-/-) mice did not exhibit
anxiety behavior as one would expect with a schizophrenic model. They were actually less
anxious than wild type as judged by the elevated plus maze experiments. There have been
genes linked to schizophrenia such as DISC1. The protein that this gene codes for is involved in
neural migration and overexpressing this gene in embryonic mice later deleteriously affected
neuronal migration and pyramidal neuron orientation (Kamiya A, 2005). As stated above,
Atp8a1 has been shown to play a role in neuronal migration during development (Kato U &
Kobayashi T, 2012). Some of my behavioral data suggests that increased levels of Atp8a1 could
result in schizophrenic like behavior. C57/Bl6 mice that received increased amounts of Atp8a1
showed a trend for preference of the novel mouse to the familiar mouse (p = 0.06) in the
C57BL6 mice that typically do not prefer the novel over the familiar (Pearsona, 2010). Mice
that were kept socially isolated post-weaning exhibited schizophrenic behaviors which included
novel mouse preference and increased nocturnal hyperactivity (Naert, 2011).
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The western blot results have steered me to investigate an association between Atp8a1
and autism. Since higher Atp8a1 levels were found in autistic juveniles, one goal was to mimic
the juvenile autistic brain by directly increasing hippocampal Atp8a1. The mice injected with
the Atp8a1 construct appear to display some autistic behavior. The presence of PS on the outer
surface of the plasma membrane serves as a signal for phagocytosis. If an overabundance of
Atp8a1 is present, then neuronal cells which should have been consumed by macrophages may
not have been eliminated because of a decrease in the externalized PS flag. This reduction in
pruning during development could therefore result in over connectivity that has been
associated with the autistic brain. If this is the case then one would expect that increasing the
level of Atp8a1 in mice would have more and stronger excitatory synapses as a consequence.
However, my data indicated that the hippocampal synapses were weaker as judged by TEM and
there was a trend for some inhibition in the electrophysiology assays. Brain connectivity but not
behavior was altered in the mice lacking Atp8a1. It is imperative to remind oneself that a
mouse brain is not a human brain. Can there ever be an autistic mouse? Perhaps not, but social
interaction among mice are indispensable for the individual organism to survive and propagate
(Laviola, 1998). Therefore, the mouse serves as a model of human brain and behavior. Some of
the questions put forth here may be answerable using TEM and immuno-TEM of human brain
tissue.
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4.2 Conclusion
Previous work in this laboratory demonstrated that mice lacking Atp8a1 have spatial
memory deficits (Levano, 2012). As elucidated by the TEM and electrophysiology data
presented here, these mice also have diminished synaptic connectivity. Diminished synaptic
connectivity is also observed in mice with increased Atp8a1 along with possible autistic-like
behavior. Perhaps too little or too much of this protein can have negative consequences.
People who lack fragile-X mental retardation protein (FMRP) have cognitive difficulties.
Likewise, those who do not have phenylalanine hydroxylase, especially during development,
are mentally disabled. On the other hand, trisomy chromosome 21, Down’s syndrome, leads to
a variety of problems including cognitive deficits. More relevant to this discussion is that an
extra copy of the gene encoding the putative APLT ATP10C results in autistic phenotype when
maternally inherited (Nurmi, 2003). It is also noteworthy that developmental delay and mental
retardation is worse if the area containing this chromosome-15q11-13 gene has two extra
copies (tetrasomy), than if it has one (trisomy) (Battaglia, 2005). Along with other
aminophospholipid translocases, Atp8a1 serves to maintain the appropriate asymmetry of
phospholipids in the plasma membrane. If this asymmetry is not ideal then the alacrity of how
one neuron connects to another may be deleteriously compromised.
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